The mitochondrial sirtuin SIRT3 is a protein deacylase that regulates almost every major aspect of mitochondrial biology, including nutrient oxidation, ATP generation, reactive oxygen species detoxification, mitochondrial dynamics, and the mitochondrial unfolded protein response. Interestingly, mice lacking SIRT3 (SIRT3KO), either spontaneously or when crossed with mouse models of disease, develop several diseases of aging at an accelerated pace, such as cancer, metabolic syndrome, cardiovascular disease, and neurodegenerative diseases, and thus might be a valuable model of accelerated aging. In this review we discuss SIRT3 functions in pathways involved in diseases of aging, how lack of SIRT3 might accelerate the aging process, and suggest that further studies on SIRT3 might help uncover important new pathways driving the aging process.
SIR2 activation [3] . These early studies set the stage for a nascent field to investigate the role of sirtuins in longevity and the biology of aging. SIR2 has seven mammalian orthologs (Sirtuin 1-7, aka SIRT1-7), three of which (SIRT3, 4 and 5) are localized to the mitochondria. Given the importance of mitochondria in aging [4] , the mitochondrial sirtuins are uniquely poised to regulate several aspects of the aging process. SIRT3 is a mitochondrial deacetylase [5] , which is enriched in highly metabolic tissues such as the liver, heart, brain, and brown adipose tissue. SIRT3 has been shown to regulate almost every major aspect of mitochondrial biology, including reactive oxygen species (ROS) detoxification, ATP generation, mitochondrial dynamics, nutrient oxidation, and the mitochondrial unfolded protein response (UPR) [6] [7] [8] [9] [10] [11] . SIRT3 regulates these processes by removing acetyl modifications from a growing list of mitochondrial proteins [5, 12] . SIRT3 has also been reported to remove other acyl modifications such as long-chain fatty acyl modifications and histone decrotonylation [13, 14] , although understanding the biological relevance of these modifications requires further work.
A major challenge in the field is to disentangle the direct effects of SIRT3 from the indirect changes seen after SIRT3 manipulation, and ultimately to identify SIRT3 targets of deacetylation. Interestingly, an emerging sense in the field is that no single protein target can fully explain the biological and physiological effects of SIRT3. For example, SIRT3 does not likely regulate fatty acid oxidation (FAO) through deacetylation of a single enzyme [9] ; instead, it likely imparts control over FAO at multiple enzymes in the pathways [15] [16] [17] . More work is needed to identify the primary targets and activities of SIRT3, and to understand the mechanism(s) by which SIRT3 regulates proteins and pathways, over a wide array of biology.
Despite these challenges, one theme that emerges from its continued study is that SIRT3 attenuation or ablation is associated with accelerated development of several diseases of aging. Indeed, SIRT3KO mice alone or when crossed with mouse models of disease, develop nearly every disease of aging at an accelerated pace (Fig. 1) . Thus, the SIRT3KO mouse might be considered a model of accelerated aging. Below, we review the roles for SIRT3 in cancer, the metabolic syndrome, cardiovascular disease, and neurodegenerative diseases (Table 1) , and discuss what the study of SIRT3 might reveal about the aging process.
SIRT3 and Diseases Of Aging

SIRT3 and Cancer
Cancer is a major disease of aging, where almost 90% of all cancer deaths occur in people over 50 years of age [18] . Cancer is thought to arise from an accumulation of mutations that occur slowly overtime; as such, cancer incidence increases dramatically with age. Further supporting this idea, individual tumor biopsies show multiple genetic lesions, indicative of the clonal evolution of cancer cells during tumorigenesis [19] . Environmental or genetic factors that increase the frequency of mutations or support cellular proliferation can increase the risk for and development of cancer. For example, a rise in oxidative stress can increase damage to DNA leading to genomic instability and increased mutagenesis and therefore the risk of oncogenic mutations [20] . Similarly, shifts in metabolism that promote anabolic growth may also support the growth of a tumor [21] .
The role of SIRT3 in cancer was first shown by the discovery that SIRT3KO mouse embryonic fibroblasts (MEFs) could be transformed into cancer cells by the addition of a single oncogene (Myc or Ras) [22] . This single oncogene transformability in the setting of a gene knock-out is characteristic of a tumor suppressor gene, as wild-type primary MEFs require the expression of an oncogene in combination with either another oncogene (e.g. Myc or Ras) or the loss of a tumor suppressor gene (e.g. p53) in order to be transformed [23] [24] [25] . Seven out of 20 SIRT3KO mice spontaneously developed mammary tumors after two years of age, compared to none of the wild-type mice [22] . Furthermore, SIRT3 expression is decreased in several human cancers including breast, liver, and gastric cancers [22, [26] [27] [28] , and low SIRT3 expression is associated with worse overall survival in hepatocellular carcinoma [29] . These studies collectively show the tumor suppressor potential of SIRT3.
Studies on the mechanisms linking SIRT3 ablation and accelerated cancer development have found increased oxidative stress and changes in cellular metabolism -both likely contributing to tumor initiation and/or progression [30] . Increased oxidative stress can promote genome instability and DNA damage, which may lead to increased mutation frequency [31] . ROS are also important signaling molecules that, when present at low levels, can alter gene transcription and promote cell proliferation [32] . Because mitochondria are the major source of ROS, SIRT3 may play a critical role in preventing tumor development by controlling ROS levels. Indeed, superoxide dismutase 2 (SOD2) is a target of SIRT3 and SIRT3KO MEFs have elevated levels of ROS [22, 33] . In support of this model, overexpression of SOD2 -a mitochondrial enzyme that detoxifies superoxide -in SIRT3KO MEFs slowed their growth and prevented their transformation in the presence of either Myc or Ras, indicating that mitochondrial ROS were required for the transformative potential of SIRT3KO cells [22] . SIRT3KO MEFs also had increased genomic instability when challenged with a genotoxic stress that was reduced by the overexpression of SOD2 [22] . Another study found that stable knockdown of SIRT3 in colon cancer cells led to larger tumor formation in mouse xenograft models, which could be prevented by the addition of the ROS scavenger N-acetyl cysteine (NAC) [34] .
While the role of SIRT3 in controlling oxidative stress has been well described, SIRT3 may also affect metabolic reprogramming in tumor cells, an emerging hallmark of cancer [35] . Shifts in metabolism towards increased aerobic glycolysis have been well documented in cancer cells since Otto Warburg first reported that tumors metabolize more glucose through glycolysis and produce more lactate even in the presence of oxygen [36] . While Warburg's initial hypothesis that mitochondrial defects appear to cause cancer in only a few isolated settings (i.e. fumarate hydratase, succinate dehydrogenase, and IDH2 mutations), altered mitochondrial metabolism seems to be a common characteristic of all cancers. Many cancer cells shift their metabolism towards anabolic processes, with reduced emphasis on ATP generation and increased generation of biosynthetic intermediates required to build new cells [21] .
Cancer cell lines with SIRT3 knockdown, and MEFs from SIRT3KO mice have a shift in metabolism toward a Warburg-like phenotype [26] , and have increased glucose uptake and glycolysis, increased levels of biosynthetic intermediates, increased ROS production, and proliferate faster. Multiple studies have shown that SIRT3 ablation leads to increased hypoxia inducible factor 1 alpha (HIF1α) protein stabilization and a concomitant increase in mRNA levels of numerous HIF1α target genes, including genes involved in glucose uptake and glycolysis [26, 34] . These shifts in metabolism are due, at least in part, to the increase in ROS, which is known to lead to increased HIF1α protein levels by inhibiting prolyl hydroxlases (PHDs) that target HIF1α for degradation [37, 38] . Addition of NAC, or knockdown of HIF1α prevented this shift in metabolism in cells lacking SIRT3 [26] .
However, shifts in cancer cell metabolism in the absence of SIRT3 cannot be explained by ROS alone. Several studies have found that pyruvate dehydrogenase (PDH) is hyperacetylated and inhibited in the absence of SIRT3, leading to alterations in pyruvate metabolism [39, 40] . PDH is inhibited in many cancers by phosphorylation by pyruvate dehydrogenase kinases (PDKs), leading to decreased flux of glucose-derived carbon into the TCA cycle and increased lactate production [41] . Acetylation of PDH in the absence of SIRT3 also inhibits its activity and supports increased glycolysis and thus a Warburg-like shift in metabolism [39, 40] . Another recent study showed that the mitochondrial enzyme glutamate oxaloacetate aminotransferase (GOT2) is deacetylated by SIRT3; increased GOT2 acetylation promoted the growth of pancreatic tumor xenografts [42] . These examples represent a growing list of metabolic pathways that are dysregulated upon loss of SIRT3, leading to increased tumor growth.
Overall, loss of SIRT3 accelerates tumorigenesis in mouse models, and decreased SIRT3 expression is associated with several human cancers. Loss of SIRT3 leads to acetylation and deregulation of several mitochondrial proteins, which can cause increased oxidative stress and shifts in cellular metabolism -conditions that favor accelerated tumorigenesis.
SIRT3 and metabolic disease
Aging is recognized as a major risk factor for the development of diabetes [43] . The pervasiveness of diabetes and its related etiologies including obesity, nonalcoholic fatty liver disease (NAFLD), and the metabolic syndrome are on the rise. Recent estimates report that 8.3% of the global population (382 million people) currently have diabetes and this is expected to reach 10.1% of the global population (592 million people) by 2035 [43] . Interestingly, the current prevalence of diabetes is estimated to be greater in people aged between 60 and 79 (18.6% or 134.6 million people) [43, 44] , suggesting a link in the development of metabolic disease and aging.
Accumulating evidence shows that mitochondrial dysfunction plays a role in the metabolic syndrome and diabetes [45] . For example, deregulation of several mitochondrial pathways has been implicated in the pathogenesis of metabolic disease including impaired FAO [46] , oxidative damage from ROS [47] , inflammation [48] , and loss of metabolic flexibility [45, 49] . Interestingly, the decline in mitochondrial function during aging is concomitant with the development of hyperglycemia and hyperinsulinemia [50] , suggesting a mechanistic link between mitochondria and age-induced metabolic dysfunction.
The first indication that SIRT3 played a role in fat metabolism was the discovery that SIRT3KO mouse livers accumulate long-chain acylcarnitine species and have impaired FAO [9] . Further studies demonstrated that hepatic SIRT3 expression and activity decreases in response to chronic high-fat diet (HFD) feeding, resulting in protein hyperacetylation, an impaired ability to protect against lipotoxic conditions, and hepatic steatosis [51] [52] [53] . SIRT3KO mice fed a HFD showed accelerated development of several hallmarks of the metabolic syndrome, including weight gain, impaired glucose tolerance, and insulin resistance (IR) [52] . Thus, SIRT3 plays a critical role in several key pathways involved in whole-body energy homeostasis. SIRT3KO mice display peripheral insulin resistance due, in part, to decreased pyruvate dehydrogenase (PDH) activity [10] and hexokinase 2 (HK2) activity in skeletal muscle [54] . Together, these impairments lead to increased FAO and reduced glucose uptake [10, 54] . Furthermore, ROS is elevated in skeletal muscle of SIRT3KO mice, which is implicated in the development of insulin resistance in metabolically active tissues including the skeletal muscle, liver, and white adipose tissue [55] [56] [57] [58] [59] . Consistent with this idea, mice with heterozygous SOD2 deletion display impaired glucose tolerance on a low fat diet (LFD), and exacerbated β-cell dysfunction in the setting of a HFD feeding [55, 60] .
β-cell failure is a critical event in the progression from insulin resistance to Type 2 Diabetes (T2D). Interestingly, pancreatic islets from human diabetic donors have lower SIRT3 levels [61] . Whole-body SIRT3KO mice fed a chronic HFD secrete less insulin in response to glucose, suggesting diet-induced pancreatic β-cell dysfunction in the absence of SIRT3, and supporting a model whereby SIRT3 serves to protect β-cells from nutritional stress [52] . Not surprisingly, transient knockdown of SIRT3 in β-cells in culture results in elevated ROS and impaired insulin secretion [61] . Further, adenoviral overexpression of SIRT3 in primary rat islets rescues lipotoxic impairment glucose-stimulated insulin secretion [62] . Thus, SIRT3 is emerging as a critical player in pancreatic β-cell survival and/or compensation in the presence of a hyperglycemic-hyperlipidemic insult, similar to its role in protecting against hepatic lipotoxicity. Taken together, SIRT3 plays a crucial role in whole-body metabolism, and its absence leads to accelerated metabolic deregulation and development of the metabolic syndrome.
SIRT3 and cardiac function
As humans age, cardiac function decreases, and understanding the underlying molecular mechanisms driving this dysfunction is crucial for the development of future therapies. Mitochondria in the heart are highly oxidative, and this capacity decreases with age in humans [63, 64] . In mice, decreased mitochondrial function is thought to contribute to a decline in heart health and to lead to accelerated cardiac hypertrophy. The mechanisms implicated in cardiac hypertrophy and subsequent progression to heart failure, include impaired FAO, reduced oxidative phosphorylation, increased ROS production, and dysregulated mitochondrial dynamics [64] [65] [66] .
Not surprisingly, SIRT3 is proposed to play an important role in regulating cardiac function. Mice lacking SIRT3 have altered mitochondrial FAO in the heart [9, 67] , and reduced oxidative phosphorylation (OXPHOS) complex activity and ATP production [7] . Because the heart relies on FAO for most of its energy production, several mouse models of deficient lipid oxidation develop cardiac hypertrophy, including mice deficient in SIRT3, AMPactivated protein kinase (AMPK) [68] , peroxisome proliferator-activated receptor α (PPARα) [69] , long-chain acyl-CoA dehydrogenase (LCAD) [70] , and oxidative phosphorylation [71] .
Consistent with these findings, increased ROS and subsequent oxidative damage can independently lead to cardiac hypertrophy [64] . Cardiomyocytes from SIRT3KO mice show increased ROS under basal conditions, as well as after phenylephrine treatment, supporting the idea that SIRT3 is required to prevent cellular ROS accumulation in the heart [72] . Further supporting the decline in antioxidant defense, Cyclophilin D is thought to be a structural component of the mitochondrial permeability transition pore and is a SIRT3 target. Cyclophilin D is hyperacetylated in SIRT3KO hearts, resulting in increased mitochondrial permeability, mitochondrial dysfunction, and altered energetics [73] .
Impaired mitochondrial dynamics has also been associated with several cardiac diseases, including cardiac hypertrophy and heart failure [65] . Generally, fusion is a mitochondrial stress response that promotes mitochondrial function and is regulated by a family of fusion proteins that includes optic atrophy 1 (OPA1). OPA1 is a target of SIRT3, and loss of SIRT3 leads to OPA1 hyperacetylation and an impairment in mitochondrial fusion [8] . Stressors associated with heart failure, including cardiac hypertrophy and obesity, also result in hyperacetylation of OPA1 [8] .
Taken together, these studies demonstrate that SIRT3 regulates several different mitochondrial pathways that are critical to maintaining cardiac health. In the absence of SIRT3, these pathways are dysregulated, which contributes to cardiac hypertrophy and accelerated heart failure.
SIRT3 and neurodegenerative disease
The onset of neurodegenerative diseases is a hallmark of aging, and susceptibility to Alzheimer's disease, Parkinson's disease, Huntington's disease, amyotrophic lateral sclerosis, and frontal temporal dementia, increases as humans age. Neurons are one of the highest energy consuming cell types, which make them particularly susceptible to metabolic and oxidative stressors. Indeed, loss of mitochondrial function plays a major role in neurodegeneration [74] .
SIRT3 is expressed at high levels in the brain and other nervous system tissues [75] [76] [77] . Because SIRT3 regulates several aspects of metabolic homeostasis, it is predicted help protect against neurodegenerative diseases. SIRT3 can rescue neuronal loss in various neurodegenerative models. For example, primary cortical neurons grown in culture can be induced to undergo apoptosis in a manner similar to Alzheimer's disease (AD) after treatment with beta-amyloid (Aβ In this model, co-treatment with pituitary adenylate cyclase-activating polypeptide (PACAP) protects primary cultured neurons from Aβ treatment by upregulating SIRT3 expression [78] . The PACAP mediated neuroprotective effect is lost if SIRT3 expression is knocked down by shRNA, in primary cultured neurons.
Furthermore, SIRT3 overexpression confers resistance to oxidative stress and extends neuronal longevity in primary neuron cultures [79] .
Similarly, amyotrophic lateral sclerosis (ALS) is associated with mitochondrial dysfunction [80] , which can be modeled in cultured neurons by expressing the G93A mutant of superoxide dismutase 1 (SOD1) [81] . Mutant SOD1 induces mitochondrial dysfunction and apoptosis, which can be reduced by overexpression of either SIRT3 or peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC1α)-a transcription factor that regulates SIRT3 expression and other nuclear encoded mitochondrial genes [81] .
Hearing declines with age and is associated with the progressive loss of hair cells in the ear, which convert acoustic vibrations into nerve impulses. Interestingly, calorie restriction can prevent age-related hearing loss, but only with SIRT3 present [82] . Overexpression of SIRT3 leads to activation of IDH2 and confers protection from oxidative stress. Similarly, noise-induced hearing loss can be reduced by nicotinamide riboside, an NAD + precursor thought to boost SIRT3 activity [83] .
Based on this early evidence, SIRT3 has a neuroprotective role and loss of SIRT3 accelerates the progression of neurodegenerative disease states. Even where a direct link between SIRT3 and a disease has not been established, growing evidence shows that mitochondrial dysfunction and oxidative stress play critical role in the pathogenesis of neurodegenerative diseases, highlighting a potentially broader role of SIRT3 in regulating neuronal health.
SIRT3 and acetylation
Much of the recent work on acetylation has been focused on using large-scale proteomic approaches to identify proteins that are hyperacetylated in the absence of SIRT3, many of which are in pathways with known roles in diseases of aging [84] [85] [86] [87] [88] . As the field moves towards more sophisticated proteomic technologies, an ever-increasing number of acetylated proteins will be identified. As this number grows, it is becoming clear that regulation of a single protein at a single site by SIRT3 cannot explain the role SIRT3 plays across a widearray of biology and diseases of aging. Supporting this idea are recent studies investigating the stoichiometry of acetylation sites. Early estimates of the stoichiometry of any given site of acetylation are thought to be low [89, 90] . If these studies hold, then again the acetylation status of a single protein at one site is unlikely to account for the changes in physiology or disease observed.
Instead, an emerging sense in the field is that multiple enzymes of a given pathway that are acetylated, even at low stoichiometry, could have a measurable effect on the activity of the entire pathway [89] . In this setting, SIRT3 might influence the pathway through sites of deacetylation. Thus, the overall picture emerging from these proteomic studies is that the sum of all acetyl modifications, or the sum of a set of SIRT3-regulated modifications in a given pathway, could be critical for the regulation of metabolism. Future proteomic and physiological studies will test this idea. Recently, nine hallmarks of aging were described that contribute to the aging process [4] . Current thinking on aging places time-dependent accumulation of cellular damage at the core of the aging process. Based on this model, current work should be focused on the sources of damage and the compensatory processes in response to damage. Along these lines, SIRT3's regulation of ROS and ROS-induced damage could be an important mechanism by which SIRT3 influences aging and the diseases of aging. Furthermore, protein acetylation and acylation could represent a type of protein damage induced by "carbon stress" [91] .
Early studies investigating a role for SIRT3 in longevity took a genomics approach by screening long-lived humans for possible variations in the SIRT3 gene. While early studies reported a possible correlation between a unique SIRT3 genotype and longevity [92] or a novel VNTR (variable number tandem repeat) enhancer within SIRT3 [93] , a later study by the same group reported no association [94] . Furthermore, an independent large-scale investigation into the genetics of longevity found no role for SIRT3 [95] . Thus, a direct link between SIRT3 and longevity has not yet been established.
Additionally, no studies in model organisms have formally tested the role of SIRT3 in longevity. Part of this could be due to the fact that some model organisms often used to study longevity (i.e. S. cerevisiae, C. elegans, D. melanogaster) have sirtuin genes, but don't have a SIRT3 ortholog. Furthermore, a SIRT3 transgenic mouse, which was made relatively recently, has been used to only study SIRT3 in the context of noise-induced hearing loss [83] . Thus, while some studies show that SIRT3 is a compelling regulator of aging [96] , future studies should be focused on directly testing the role of SIRT3 in longevity.
Concluding Remarks
Even in the absence of understanding the complete molecular mechanisms of SIRT3 action (Box 1), it's clear that SIRT3 ablation leads to accelerated aging in several models. SIRT3KO mice have decreased time to development and/or severity of age-related diseases. Thus, identifying the pathways that are affected when SIRT3 is ablated may aid in identifying pathways that become dysfunctional during the aging process. From this perspective, continued work on SIRT3 may uncover important new pathways of the aging process. SIRT3 regulates pathways in the diseases of aging. Loss of SIRT3 leads to deregulation of several mitochondrial pathways, which contributes to the accelerated development of the disease of aging. See text for details.
